d-d Excitations in Bilayer Manganites Probed by Resonant Inelastic X-ray Scattering 
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We report a high resolution resonant inelastic x-ray scattering investigation of the bilayer man- 
ganites La2-2a;Sri + 2 :E Mn207 with x = 0.36 and 0.5. The momentum dependence along the crys- 
tallographic (110) direction for energy losses leV < AE < 15 eV has been measured in detail with 
the data analysis focusing on the energy loss region leV < AE < 5eV, which includes a strong 
peak located at AE w 2eV. We observe a clear dispersion of up to 0.5 eV in the measured q range, 
which is direct evidence of the non-local character of this excitation. Further, we found that the 
intensity in this low energy region strongly depends on both the reduced wave vector q = (h, h,0), 
h — 0.1 — 0.5, and temperature, i.e. different ordered phases. Results can be explained via an 
intersite d — d charge transfer excitation, proposed for pseudo-cubic manganites, where the hopping 
rate is strongly increased (decreased) by ferromagnetic (antiferromagnetic) alignment of neighboring 
in-plane Mn ion core spins. 

PACS numbers: 75.47.Lx, 61.10.-i, 71.27.+a, 74.25.Jb 
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I. INTRODUCTION 

The complex phase diagrams of many transition 
metal oxides highlight the strong interplay and com- 
petition between lattice, spin and charge degrees of 
freedom-^—. The phase diagram of the bilayer mangan- 
ite La2~2:rSri+2xMn207 is among the most complex ones 
and still subject to refinement^- 5 . In particular, the CE- 
type antiferromagnetic charge and orbital ordered ground 
state of the half-doped bilayer manganite LaSr^Mn^OV, 
predicted by Goodenough 6 for half doped manganites in 
1955, was only recently observed^. In this state, the e g 
charge is localized on alternate Mn sites producing to 
first order distinct Mn 3+ and Mn 4+ sitesZ£. The Jahn- 
Teller effect and orbital ordering of the e g charge in- 
duces a characteristic distortion with a superlattice peak 
at q = (i,i,0). For lower-doped bilayer manganites 
(0.3 < x < 0.4), the frustration of the charge and or- 
bital order results in a ferromagnetic metallic ground 
state with a transition to a paramagnetic insulator at ele- 
vated temperatures. Above Tq, the appearance of diffuse 
clastic and quasi-elastic diffraction peaks in the vicinity 
of q CE (Ref. M) shows that 15-A sized charge and or- 
bitally ordered clusters coexist with charge-delocalized 
clusters^. At Tc, the onset of long-range ferromagnetic 
order quickly melts the short-range charge and orbital 
correlations and leads to colossal magnetoresistance 11 . 
The low temperature state of Lai.2Sri. 8 Mn 2 07 (x = 0.4) 
is characterized by strong electron-phonon coupling ob- 
served by ARPESi 2 - and inelastic neutron scattering, 
which identified strongly renormalized Jahn- Teller-type 
optical phonon modes at q CE (Ref. Il3r ). Thus, the fer- 
romagnetic metallic state of this bilayer manganite of- 
fers the defining characteristics of a polaronic metal, yet 
another exotic and poorly understood state in the rich 
phase diagram of the bilayer manganites. 

Typical theoretical approaches for the manganites ne- 
glect the oxygen degrees of freedom and try to parame- 



terize the behavior of the Mn ion in terms such as the in- 
tersite hopping amplitude of the e g electrons and on-site 
Coulomb repulsion, e.g. Hunds coupling. Measurements 
of electronic excitations in the energy range of these pa- 
rameters, typically several eV, are therefore particularly 
desirable and can provide critical information for new 
theoretical approaches. 

Resonant inelastic x-ray scattering (RIXS) at tran- 
sition metal i^-edges is a bulk-sensitive, momentum- 
resolved probe of electronic excitations in the order of 
eV and thereby has become a versatile tool in the study 
of strongly correlated solids. It is a photon-in-photon-out 
process, in which the incoming photon creates a short- 
lived exciton comprising a Is core hole and a 4p photo- 
electron. The exciton strongly interacts with the valence 
electrons. The outcoming photon, created in the recom- 
bination of the Is core hole and the 4p photoelectron, 
differs from the incoming one by the energy and momen- 
tum transferred to the valence electrons. The cross sec- 
tion of this exciton-valence electron interaction depends 
strongly on the incident energy. 

RIXS, in particular, enables the study of so-called d—d 
excitations in transition metals between the highest oc- 
cupied and lowest unoccupied electronic state. In man- 
ganites, this is the excitation from the lower to the upper 
of the two e g orbitals, the properties of which are sup- 
posed to govern many of the physical properties. We 
note that, although in principle both intrasite and inter- 
site d—d excitations are possible, so far RIXS results have 
always been interpreted in the picture of an intersite d—d 
excitation. However, direct experimental evidence of the 
non-local character, i.e. a dispersion, has not always been 
observed. In particular, results obtained for manganites 
were explained in terms of temperature dependent inten- 
sity variations. Intersite d — d excitations, particularly in 
charge and orbital ordered manganites, may give impor- 
tant insights into the microscopic mechanisms leading to 
the observed exotic properties. 



Compound 


T(K) 


Phase 


Lai.28Sri. 7 2Mn 2 07(a; = 0.36) 


20 

150 


FM - Metal 
PM short-range COO 


LaSr 2 Mn 2 7 (:r = 0.5) 
(sample CE) 


75 
175 
250 


AFM(CE) COO 

PM COO 

PM 


LaSr 2 Mn 2 7 (:r = 0.5) 
(sample A) 


20 

160 
250 


AFM(A) 

AFM(CE) COO 

PM 



TABLE I: List of samples and the measured temperatures 
plus the corresponding phases. Phases are insulating if 
not stated otherwise. The following abbreviations are used: 
FM/PM/AFM for ferro-/para-/antiferromagnetic; COO for 
charge and orbital ordered; AFM(CE) and AFM(A) for CE- 
type and A-type antiferromagnetism, respectively; Sample 
CE has a CE-ordered groundstate. Sample A is CE-ordered 
only in a limited temperature range and features an AFM(A) 
ground state. 



so-called reentrant samples were assigned to a slightly 
lower or higher doping value without having a quantita- 
tive number for the difference. Above T = 225 K both 
samples with nominally x — 0.5 are paramagnetic insula- 
tors. The sample with the CE-ordered ground state fea- 
tures also a CE-type charge and orbital ordered param- 
agnetic phase between T — 150 K and 225 K. A list with 
all measured temperatures and corresponding phases is 
given in table HI 

The presentation of our study proceeds as follows. In 
section [II] we give details about the sample parameters, 
used experimental configurations and data analysis. Re- 
sults and discussion of the RIXS measurements are given 
in section IIIII Here, we focus on the intensities at en- 
ergy losses AE < 5eV and their q dependence. The 
paper concludes with remarks on open issues of RIXS in 
bilayer manganites. 



II. EXPERIMENTAL 



Studies of the electronic excitation spectrum in man- 
ganites have focused so far on the pseudo-cubic per- 
ovskites Lai-^Ca/Sr^MnOa. It was argued^ that a 
peak at around 2.5 eV in orbital ordered LaMnOs corre- 
sponds to a Mn d — d transition. The do ping dependence 
was investigated in Lai-^Sr^MnOs (Ref.LLa) and Grenier 
et al J£ studied the influence of different magnetic ground 
states on RIXS intensities for energy losses from 1 eV to 
5 eV in four different pseudo-cubic manganites. Based 
on model calculations they concluded that increased (de- 
creased) intensities at these energy losses on entering a 
ferromagnetic (antifcrromagnetic) state are explained in 
terms of an intersite d — d excitation. On the same basis, 
they ruled out any significant spectral weight from intra- 
site d — d excitations in their RIXS spectra. We want to 
point out that the non-local character was purely derived 
from the intensity variations and model calculations. No 
wave vector dependence of the excitation energy, which is 
a direct experimental evidence of the non-local character 
of an excitation, was reported. 

Here, we present a RIXS investigation at the Mn K- 
edge of the bilayer manganite La2_2a;Sri + 22;Mn207 with 
x = 0.36 and 0.5. The lower doped sample shows colossal 
magnetoresistance near a ferromagnetic metal - insulator 
transition at Tq = 130 K as described above. For the 
half-doped composition, we utilize two samples, both of 
which enter the CE-type charge and orbital ordered state 
upon cooling. However, only in one of them, sample CE, 
this is the ground state. The second specimen, sample 
A, undergoes a transition around T — 75 K to an A- 
type antiferromagnetic phase. In a recent publication 3 it 
was shown that extremely small variations in the doping, 
which cannot be quantified by measurement of the doping 
concentration, are at the origin of these different ground 
states at nominally equal doping levels. The authors ten- 
tatively assigned an exact doping level of x = 0.5 to sam- 
ples with the CE-type ordered ground state 3 -. The other, 



Our samples were all high-quality single crystalline 
platelets with dimensions of about (4x3x0.5) mm 3 and 
the crystallographic c-axis perpendicular to the large sur- 
face of the platelets. Throughout this publication we 
use the undistorted tetragonal structure (lA/mmm) with 
a = b w 3.88 A and c sa 19.8 A at all temperatures. 
The components of wave vectors Q = (H, K, L) and 
q = (h, k, I) are given in reciprocal lattice units (r.l.u.) 

\ a ' o ' c ' 

The experiments were carried out at beamline 9ID- 
B at the Advanced Photon Source, Argonne National 
Laboratory. X-rays from a standard undulator 'A' were 
monochromated by a main Si(lll) and secondary Si(311) 
monochromator. The spectrometer has a vertical scatter- 
ing geometry. 

During our data collection, various analyzer/detector 
configurations were used as they became available, rang- 
ing from a basic finely diced spherical 1-m Ge(531) an- 
alyzer with an amptek point detector (as used in Ref. 
15) to a full dispersive setup microstrip detector with a 
large-dice Si(440) 1-m spherical analyzer 17 . 

These different setups provided increasing energy reso- 
lution and throughput. While the conclusion drawn from 
spectra collected do not depend on the particular setup, 
the figures do show a marked difference in count rates in 
some cases, due to the increased efficiency of the Si(440) 
analyzer/microstrip detector configuration. 

In particular, analyzer reflections used for 
Lai.28Sri. 7 2Mn 2 07/ LaSr 2 Mn 2 07 (sample CE) 

/ LaSr 2 Mn 2 7 (sample A) were Ge(531) / 
Ge(531) / Si(440) producing a resolution of 
450meV/210meV/230meV (FWHM of elastic line), the 
first with point detector and last two with microstrip de- 
tector. The count rates, while not directly comparable, 
were much improved, especially in the last setup. The 
incident energy was tuned to Ei — 6.557 keV, above the 
Mn K-edge (6.539 keV), where the RIXS intensity was 




T = 75 K 

Q = (0.5,0.5,10.5) 

total fit 
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energy loss (eV) 



FIG. 1: (color online) Inelastic scattering measured with an 
incident energy above, Ei — 6.557 keV (black dots), and be- 
low, E % = 6.505 keV (blue circles), the Mn Tf-edge in CE- 
ordered LaSr 2 Mn 2 07(a; = 0.5, sample CE) at T - 75 K. 
The solid red line represents the total fit of the resonant 
data set consisting of a fit of the background (solid black 
line, incorporating the elastic (AE — 0) and kp emission lines 
(AE w 23 eV)) and three Gaussians fitted to the resonantly 
enhanced part for energy losses I eV < AE < 15 eV (dashed 
black lines on top of the background function) . 



maximized. This energy was used for all spectra shown 
unless otherwise stated. Resonant inelastic scans were 
performed at the temperatures given in table HI 

Figure [T] shows our analysis of an energy loss spectrum 
in the ground state of sample CE at Q = (h, h, 10.5), 
h = 0.5. We chose to measure at these wave vectors be- 
cause Q = (0, 0, 10) is an allowed Bragg reflection and 
strong elastic scattering is observed throughout the ad- 
jacent Brillouin zone. Although the (0,0,11) reflection 
is structurally not allowed in a perfect crystal, strong 
truncation rod scattering was seen in x-ray diffraction 
along the c* axis in Lai.2Sri. 8 Mn 2 07 (Ref.llll). Scatter- 
ing with a reduced c*-axis component I = 0.5 results in 
a much weaker elastic line and lowers the minimum en- 
ergy loss, for which we can extract reliable RIXS inten- 
sities. The corresponding scattering process takes place 
between equivalent atomic positions in different unit cells 
and, therefore, our reduced scattering vector can be re- 
garded as in-plane scattering. It is also generally as- 
sumed that RIXS does not obey Brillouin zone dependent 
structure factors. Therefore, we will present all evalua- 
tions as a function of the reduced scattering wave vector 
d=(h,h,0). 

The raw data were normalized to monitor and in a sec- 
ond step to the integrated intensity of the fc^-emission 
line, which is located at 17 eV < AE < 27 eV. The 
elastic and the fc^-emission lines were fitted using a 
Lorentzian lineshape convoluted with a Gaussian. This 
function provided the best fits with a consistent set of 
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FIG. 2: (color online) Background subtracted RIXS spectra 
in Lai.28Sri.72Mn207(:r = 0.36). Each panel features scans 
above (squares) and below (dots) the FM transition tempera- 
ture Tc — 130 K at the same wave vector along the YM line. 
No temperature dependence is observed except for the peak 
around AE ~ 2eV, which shows an increased spectral weight 
in the FM state. 



parameters. Data up to 0.6 eV in energy loss were used 
for fitting the elastic line. A comparison with the ob- 
served non-resonant data corroborates the use of the fit- 
function as the estimated background. We note that 
the non-resonant data were measured at a slightly lower 
Q = (0.1,0.1, 10.5). However, the footprint of the sam- 
ple on the analyzer does not change significantly in the 
measured Q range and, correspondingly, we did not ob- 
serve any wave vector dependence in our non-resonant 
scans. The resulting resonantly enhanced spectral weight 
for 1 eV < AE < 15 eV were analyzed in terms of three 
Gaussian peaks (dashed lines): one for the 2eV feature, 
another for the peak around AE = 12 eV and a broad 
function describing the resonant scattering at intermedi- 
ate energy transfers. 



III. RESULTS AND DISCUSSION 

Momentum-resolved resonant inelastic x-ray scatter- 
ing at the Mn K-edge, so far, has been exclusively 
applied to the study of perovskite manganites of the 
form REi_ x AE x Mn0 3 (RE = La, Pr, Nd; AE = Ca, 
Sr). Experiments^ - — consistently reported resonantly 



LaSr 2 Mn 2 7 (sample A) 

T = 20 K, A-AFM 

Q = (h, h, 10.5) h = 0.1 
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energy loss (eV) 



FIG. 3: (color online) Background subtracted RIXS spectra 
in reentrant LaSr 2 Mn 2 7 (a; = 0.5) at T = 20 K (sample A). 
Thick solid lines are three-peak fits (see text and figure [lj . 
Dashed lines show the single Gaussian fit for the low energy 
loss peak. The measured wave vectors are Q = (h, h, 10.5), 
h — 0.10.5. An offset is included for clarity denoted by the 
color-coded horizontal lines. 



enhanced peaks at energy losses of 2 — 3eV and near 
12 eV. Intermediate energy loss values showed more or 
less structured scattering for different samples and dop- 
ing, e.g. undoped LaMnC>3 featured a third peak at 
8.5 eV (Ref.QJ). 

We took a new approach focusing on the bilayer man- 
ganitcs La2_2:rSri + 2:iMn207. The bilayer manganite 
family has the advantage of regular arranged MnOg oc- 
tahedra, i.e. the Mn-O-Mn bonding angle is 180°. This 
eliminates complications from variation in the bonding 
angle as observed by optical spectroscopy^ in pseudo- 
cubic manganites i?MnC>3 for different R ions. In par- 
ticular, we choose doping values, where CE-type charge 
and orbital order is present, long range (aj = 0.5) or short 
range ordered (x = 0.36). 

RIXS spectra for the colossal magnetoresistive sample 
(x = 0.36) are shown in figure [2] Data above and be- 
low the Curie temperature Tq = 130 K are shown. In 
analogy to the results of perovskite manganites, we can 
identify two peaks at energy loss values of 2 eV and 12 eV. 
Otherwise, the spectra are featureless. The spectra at a 
specific scattering wave vector are unchanged across Tq 
except for a clear increase of the 2 eV peak intensity in 
the ferromagnetic state. Based on RIXS intensities at 



energy losses 1 eV < AE < 5 eV measured in different 
magnetic phases of 30 % — 50 % doped perovskite man- 
ganites, Grenier et alJ£ identified the low energy loss 
peak in their spectra as an Mn intersite d — d excitation. 
Their model calculation applied the stong Hund's cou- 
pling in Mn 3+ strongly favoring ferromagnetic alignment 
of the three ti g and the e g electrons. Thus, the intersite 
hopping rate of the e g electron, i.e. the d — d excitations 
spectral weight, is strongly increased by ferromagneti- 
cally aligned Mn core spins. It is strongly suppressed for 
antiferromagnetic order as this would require an improb- 
able spin-flip transition. This is in qualitative agreement 
with our observations for Lai.2sSri.72Mn207(a: = 0.36) 
indicating that our 2 eV peak represents a non-local d — d 
excitation, too. 

We also want to briefly address the nature of the second 
excitation present in our RIXS spectra at AE rs 12 eV. 
We observe no significant temperature or wave vector de- 
pendence of this peak in any of our three samples. Similar 
peaks were observed in RIXS measurements of pseudo- 
cubic manganite a 14 ! 16 as well as in Na x Co02 (Ref. Ty). 
Although the excitation was first assigned to O 2p — > Mn 
4s/4p transitions^, later report a 16 ' 19 concluded that it is 
a damped plasmon, i.e. a feature of S(Q,uj). 

Figure [3] shows a typical set of RIXS scans taken in 
reentrant sample A of the two nominally half-doped bi- 
layer manganite crystals. Equivalent data were taken at 
all temperatures and phases listed in table Q] for the half- 
doped samples. Because we did not observe particular 
wave vector or temperature dependencies for the 12 eV 
peak, we focus our attention on the low energy loss re- 
gion 1 eV < AE < 5 eV. Here, the data taken in the 
A-type antiferromagnetic phase of sample A presented 
in figure [3] show a strong increase of spectral weight for 
the peak near 2 eV. At a closer look, we also see a clear 
dispersion of about 0.5 eV over the measured wave vec- 
tor range. We will first discuss the intensities in the low 
energy loss region and then turn towards the details of 
the dispersion. 

In order to compare our low energy loss intensities with 
the work of Grenier et alJ£, we plot the integrated in- 
tensity of the RIXS spectra for 1 eV < AE < 5 eV as 
a function of wave vector for all investigated phases for 
the half-doped samples in figure SJ We note that the 
spectral weight of the 2 eV peak gives qualitatively the 
same results. Neglecting the q dependence and focus- 
ing on h > 0.25, we see the highest integrated inten- 
sities in the antiferromagnetic phases of both samples. 
This seems to be in direct contradiction to the results 
of Grenier et al^ and also to our own measurement in 
Lai.28Sri.72Mn207(ir = 0.36), where the intensities were 
highest in the ferromagnetic phase. 

Here, we want to remind the reader of the anisotropic 
nature of the bilayer manganite system expressed for 
example in in- and out-of-plane electrical conductivity 
measurement !] 3 ' 22 ! 23 , where the conductivity a in bi- 
layer manganites is closely related to the double-exchange 
mechanism and proportional to the hopping rate t oc 
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FIG. 4: (color online) q and temperature/magnetic phase de- 
pendence of the integrated intensities at energy losses 1 eV < 
AE < 5eV in (a) reentrant LaSr2Mn207(sample A) and (b) 
non-reentrant LaSr2Mn207(sample CE). Lines are guides to 
the eye. Error bars represent a 5 % uncertainty in the back- 
ground subtraction. 



£ocos(tt) with r\ being the angle between neighboring 
spins. Thus, conductivity measurements indicate a much 
bigger hopping rate in the basal plane. Further, optical 
spectroscopy has shown^ 3 - that the occupied Mn 3+ e g or- 
bital has in-plane, i.e. d x 2_ y 2 character. Therefore, we 
argue that in our experiments the in-plane magnetic or- 
der is much more important for the hopping rate, i.e. 
the spectral weight of the intersite d — d excitation, than 
out-of-plane ordering. 

The A-type antiferromagnetic phase in sample A has 
ferromagnetic ab-planes coupled antifcrromagnetically 
along the c-axis. Thus, the increased intensities are ex- 
plained within the model of Grenier et alJ£ taking into 
acount only the inplane order. The in-plane arrangement 
in the CE-type antiferromagnetic phase consists of fer- 
romagnetic stripes, which are coupled antiferromagnet- 
ically along the perpendicular direction. Therefore, we 
expect an intermediate spectral weight of the excitation 
compared to the A-type antiferromagnetic and param- 
agnetic phases. This behavior is observed in sample A, 
which exhibits A-type order at low temperatures and CE- 
type antiferromagnetism at intermediate temperatures. 

However, comparing the results for both half-doped 
samples we find that the gain in intensity on entering 



the CE-ordered phase in sample CE is bigger than on 
entering the A-type antiferromagnetic phase in sample A 
compared to the respective high-temperature paramag- 
netic phases. This fact is probably related to the much 
stronger phase competition in sample A and therefore 
not in contradiction to the above outlined reasoning of 
higher spectral weights in ferromagnetic phases. 

Turning to the q dependence of the results presented in 
figure [U we sec that the differences in intensities for dif- 
ferent magnetic phases in sample A are only present for 
h > 0.25. If we assume the above described model cap- 
tures the essential physics in terms of the spectral weight 
of the d — d excitation, our results for h < 0.2 have to be 
interpreted as a loss of the influence of magnetic ordering 
for these wave vector values. As the scattering in our ex- 
periments has a large absolute component along c*, we 
cannot determine the correlation length from these re- 
sults. Also, due to small sample size neutron diffraction 3 
was not able to properly determine the correlation length 
of the magnetic order. We see a qualitative difference in 
sample CE, where the maximum spectral weight for each 
wave vector appears for the same phase, i.e. CE-type 
antiferromagnetism, although the difference to the para- 
magnetic phases is reduced at h = 0.1. The spectral 
weight of the d — d excitation in sample CE seems to be, 
though on a smaller scale, affected by the emergence of 
charge and orbital order without changes in the magnetic 
ordering. We attribute this change to the lower mobility 
of e g electrons in a charge ordered environment. 

We conclude that our evaluation of the RIXS intensi- 
ties of the energy loss region 1 eV < AE < 5 eV as func- 
tion of magnetic order is qualitatively explained by the 
intersite d — d excitation modet^. However, due to the 
layered structure of La2-2zSr 1+ 2xMn207, the in-plane 
magnetic order rather than the three dimensional one 
has to be taken into account. The observed loss of influ- 
ence of the magnetic order for small q remains an open 
question and more measurements, e.g. in other crystal- 
lographic directions, are needed. 

As a last but very important point, we turn to the q 
dependence of the peak energy as fitted by the Gaussian 
lines, e.g. shown in figure [5] In order to illustrate the 
wave vector dependence of the d — d excitation, we show 
RIXS spectra at small wave vectors, i.e. h = 0.1 or 0.2, 
overlaid with spectra taken at h — 0.5 for every tempera- 
ture measured in the half-doped samples in figure [5] We 
note that the large difference in count rates between the 
two samples is due to the usage of a newly manufactured 
Mn Analyzer— for the measurements on sample A. As 
the intensity of the d — d excitation increases for decreas- 
ing temperatures, we also observe more pronounced wave 
vector dependencies of the scattering in both samples. In 
particular, we see a substantial upward dispersion of the 
peak center of mass of about 0.5 eV in the A-type antifer- 
romagnetic phase of sample A. To our knowledge, such a 
wave vector dependence in RIXS has not been reported 
before in manganites. It is a direct experimental proof of 
the non-local character of the observed d — d excitation. 
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FIG. 5: (color online) Background subtracted RIXS spec- 
tra in (a)-(c) reentrant LaSr2Mn207(sample A) and (d)- 
(f) non-reentrant LaSr2Mn207(sample CE). Temperatures 
and respective magnetic phases are given in the topline of 
each panel. For each temperature, one scan taken at Q = 
(h, h, 10.5), h = 0.2 (sample A) or 0.1 (sample CE), (squares) 
and one taken at h = 0.5 (dots) are shown. Solid lines are the 
results of the three-peak fits (see text and figure [l]). 



Effects at other temperatures are smaller, except 
maybe in the charge and orbital ordered paramagnetic 
phase in sample CE. However, for this particular tem- 
perature we could not distinguish the low energy loss 
side of the excitation peak at h = 0.1 and 0.2 from the 
clastic line. Thus, the fit shown in figure [5] was only pos- 
sible with a fixed linewidth of 2.5 eV, which is an average 
value of fitted linewidths at other temperatures and/or 
wave vectors. Therefore, results for the dispersion at 
these wave vectors and temperature are not included in 
the summary presented in figure [SJ However, energy loss 
positions are certainly not higher than at other temper- 
atures at the same wave vectors (see figure[5]). 

Figure [6] shows a more or less pronounced upward dis- 
persion in all phases. However, while the dispersions 
differ significantly between different phases of sample 
A, they are identical within the experimental error for 
all three temperatures measured in sample CE. We in- 
terpret these results in the frame work of double ex- 
change. There, the conductivity is mainly characterized 
by the hopping rate t of the e g electrons, which is propor- 



FIG. 6: (color online) q and temperature/magnetic phase 
dependence of the energy loss positions of the low energy 
excitation in (a) reentrant LaSr2Mn2 07 (sample A) and (b) 
non-reentrant LaSr2Mn207(sample CE). Lines are guides to 
the eye. Points for h = 0.1 and 0.2 at T — 175 K are not 
shown in (b) because a fit with independent parameters was 
not possible as explained in the text. 



tional to the angle r\ between two neighboring Mn spins, 
t ex tQCos(^) . Thus, the increased dispersion in the 
A-type antiferromagnetic phase reflects a high in-plane 
mobility in agreement with a reported high, metallic-like 
conductivity in this phase 3 . Differences between the dif- 
ferent phases in sample CE might be much smaller and 
therefore undetectable, as phases at all three tempera- 
tures show insulating behavior. 



IV. CONCLUSIONS 

We report a detailed investigation of the elec- 
tronic excitations in various different ordered phases of 
La2-2a;Sri + 2a;Mn207, x — 0.36 and 0.5, in the energy 
range of 1 eV < AE < 15 cV. Using resonant in- 
elastic x-ray scattering at the Mn K-edge we probed 
the detailed wave vector dependence along the crystal- 
lographic (110) direction. Our observation of a dis- 
persion as large as 0.5 eV within q = (h,h,0), h = 
0.1 — 0.5, is a direct, model-independent proof of the non- 
local character of the corresponding dispersion. Over- 



all, we see qualitative agreement between observed in- 
tensity variations of this excitation in different magnetic 
phases and the corresponding model prediction based 
on an intersite d — d excitation, originally proposed for 
pseudo-cubic manganites 1 ^. However, the in-plane rather 
than the three dimensional magnetic order has to be 
taken into account due to the two-dimensional nature 
of La2-2iSi - i + 2xMn207. Only at two wave vectors, i.e. 
h = 0.1 and 0.2, in the reentrant sample A we did not 



see a detectable intensity differences between ferromag- 
netic and paramagnetic in-plane ordering. This could be 
related to the particularly strong phase competition in 
this sample but more data are needed in order to solve 
this question. 
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